ABSTRACT In this paper, a graphene-based electromagnetic imaging system working in 140-220 GHz frequency band for nonintrusive analysis of 3D artwork is presented. A single-stage high-order frequency multiplier is used to generate the signal at the transmitter module, whereas the single-stage high-order subharmonic mixer acts as a signal detector at the receiver. Both modules exploit the nonlinear response of graphene sheets excited by an incident electromagnetic wave, to generate harmonic components and mixing products of the input signals, respectively. The transmitter and the receiver modules were implemented through an additive manufacturing process. The resulting electromagnetic imaging system prototype was applied to the analysis of ceramic vessels, showing its ability to detect enclosed objects and to obtain information in cross-sectional planes. Furthermore, the geometrical parameters and filling material characterization can be obtained by processing the frequency response of the scattered field.
I. INTRODUCTION
The penetration properties in nonmetallic materials and the non-harmful nature of electromagnetic radiation in submillimeter wave and low THz frequency bands makes it suitable for its use in imaging applications in fields as diverse as medicine [1] - [4] , pharmaceuticals [5] , security [6] , nondestructive testing [7] , or analysis of artwork [8] , among many others. However, the cost-effective practical implementation of electronic devices in these frequency bands is still a technological challenge that conditions their development, giving rise to the well known 'THz gap'.
Signal generation in the submillimeter wave and low THz frequency bands is usually achieved through frequency multipliers based on Schottky diodes [9] , [10] . Although these devices provide state-of-the-art efficiency values when the multiplication order is N = 2 or 3, it rapidly decreases as N increases. The most common approach to overcome this problem is based on topologies in which low order frequency multipliers, with N = 2 or 3, are connected in cascade [11] , [12] , generally requiring the use of inter-stage auxiliary devices such as amplifiers and isolators. On the other hand, signal detection is usually performed by using subharmonic mixers [13] - [16] . In this case, the required local oscillator signal, generally at a frequency close to that of the RF input signal, is generated from a low frequency signal through frequency multiplication. As in the case of the multipliers, the main disadvantages of the described approach are the necessity of several stages to reach the submillimeter wave band and the requirement of power amplifiers to drive each multiplier stage, which result in highly complex and expensive systems.
In recent years, it has been theoretically predicted that graphene exhibits a strong nonlinear response when it is illuminated with an electromagnetic wave [17] , [18] . In this way, an isolated graphene layer exposed to a monochromatic strong electromagnetic field at frequency ω generates a current J that can be expressed as:
From (1), the generated current is composed of an infinite set of odd-order harmonic components with and amplitude that slowly decays with the harmonic order N , and that does not depend on the magnitude of the excitation field, provided that it is greater than a certain threshold [17] . The threshold depends on the temperature and the frequency ω, and the theoretical predictions show that, at room temperature, the behavior described in (1) can be achieved at frequencies from the microwave to the low THz bands. However, in practice, the graphene will usually contain impurities and it will be deposited on a substrate, causing additional interactions. Under these conditions, it has been predicted that the nonlinear response is still observable, but the field level threshold will increase [18] . The phenomenon has been experimentally verified directly on isolated graphene samples [19] , [20] , in samples encapsulated in high-quality crystal substrates [21] , and in simple microwave devices [24] , [25] . The described behavior, combined with its predicted extremely broad bandwidth, and with the relatively low cost of graphene sheets, creates the possibility of developing a radically new and cost-effective technology capable of overcoming the current THz gap. A wide variety of experiments have demonstrated the validity of the theoretical predictions from the microwave to the optical domains, and practical devices based on them have been reported. On the one hand, graphene based fieldeffect transistors (G-FET) working in the millimeter [22] and submillimeter wave [23] bands have been presented, and their application to the design of frequency multipliers and mixers in the microwave [26] , [27] and submillimeter wave [28] frequency bands has also been described. However, these devices operate as second or third order multipliers, not fully exploiting the high potential of graphene. Furthermore, the performance of the G-FET is strongly conditioned by the available fabrication processes. On the other hand, the ability of graphene to generate high order harmonic components from a given excitation signal has been experimentally characterized using simpler setups, as coplanar waveguides over a graphene sheet [24] , [25] , or graphene films integrated in narrow gaps etched in microstrip transmission lines working as microwave frequency multipliers [29] , millimeter wave mixers [30] , or subharmonic mixers [31] . However, the best results to date have been obtained by integrating an structured few-layer graphene sheet into a waveguide structure to obtain submillimeter wave high-order frequency multipliers [32] , [33] and subharmonic mixers [34] , [35] .
In this work, a graphene based electromagnetic imaging system working in the 140 − 220 GHz frequency band is described. The system is applied to the analysis of sealed ceramic vessels in order to determine geometric parameters, such as as the wall thickness, or to detect the presence of a filling material, and to estimate its composition.
The paper is organized as follows. In section II, the scanner topology is presented, and the transmitter and receiver modules are described. Section III provides some implementation details and the experimental characterization of the scanner performance. Section IV is devoted to the application of the scanner to the analysis of ceramic vessels, including the detection of hidden objects, and the analysis of the filling materials.
II. SCANNER DESCRIPTION A. TOPOLOGY
The scanner topology is similar to that proposed in [8] , and it is schematized in Fig. 1 . It is composed of a pair of transmitter and receiver modules mounted in a quasi-monostatic configuration, and working in the 140 − 220 GHz frequency band, which is attached to a robotized three-axis positioning system. The object under test is placed on a rotating platform, and illuminated under a 25 • angle. The scattered signal is downconverted to an intermediate frequency f IF = 300 MHz at the receiver module. A focusing system composed of two biconvex dielectric TPX lenses with a focal distance of 25 mm is used to improve the scanner resolution. The setup is completed with a laser-based autofocus system which enables the use of the scanner to analyze three-dimensional objects. Finally, a Vector Network Analyzer (VNA) is used to provide the input signal to the frequency multiplier, the local oscillator signal to the sub-harmonic mixer, and to measure the detected signal at intermediate frequency.
B. TRANSMITTER MODULE
A graphene based single-stage high-order frequency multiplier is used to generate the signal which illuminates the object under test, in the 140 − 220 GHz frequency band, through frequency multiplication of a low frequency input signal in the 26 − 40 GHz frequency band.
As represented in the 3D model shown in Fig. 2 , the frequency multiplier comprises a planar stripline circuit embedded in a waveguide structure, placed parallel to the E-plane [32] , [33] . The stripline circuit consists of a fewlayer graphene sheet transferred onto a polyimide substrate. The graphene sheet acts as circuit metallization and as frequency multiplier. It is patterned to obtain two low frequency waveguide-to-planar transitions working in the input frequency band, one high frequency transition working in the 66460 VOLUME 6, 2018 output 140 − 220 GHz frequency band, and a line which interconnects them.
The waveguide structure includes two WR-28 waveguide sections, which are used to manage the input signal, whereas A WR-5 waveguide section is used to extract the output signal. The waveguide block also includes a channel to host the planar circuit, whose cross-section has been sized to prevent the existence of propagative modes at the operation frequencies. The main design goals are to minimize the input return losses and to maximize the coupling efficiency of the transitions. To achieve them, the shape of the transitions and that of the waveguide sections around them are optimized, and the behavior of the graphene sheet as electrical conductor is taken into account by modeling it as highly oriented pyrolytic graphite, with the adequate thickness and conductivity σ = 2 × 10 6 S/m. Furthermore, one of the WR-28 waveguide sections is used to extract the portion of the input signal that cannot be converted to the output frequency band, avoiding in this way the use of isolators [36] . Figure 4 shows the shape of the planar circuit after the optimization process. Note that the representation corresponds to the mixer, but in the case of the multiplier, the planar circuit is similar, and it can be obtained by removing the low pass structure and the IF line and port. Finally, a diagonal horn antenna is attached to the output waveguide. In order to avoid signal losses and undesired mismatching effects at the interconnection between the two devices, the antenna is implemented together with the frequency multiplier on the same waveguide block.
One of the WR-28 waveguide sections is used to deliver the input signal, which propagates under the fundamental TE 10 mode, to the corresponding low frequency transition, exciting the graphene. Due to the nonlinear response described in (1), a current containing odd-order harmonic components of the input signal frequency will be generated at the graphene transition. This current propagates through the planar circuit as a TEM mode, and the desired harmonic component is coupled to the output WR-5 waveguide by the high frequency transition. The portion of the input signal that is not converted is delivered to a dummy load.
The proposed topology allows the use of two different multiplication order values, N = 5 and N = 7. In the first case, the input signal frequency is contained in the range 28 − 40 GHz and, hence, the output signal frequency varies between 140 and 200 GHz. Regarding N = 7, the input frequency is located between 26 and 31.4 GHz, providing an output signal in the 180−220 GHz frequency range. Note that the lowest working frequency is imposed by the cut-off frequency of the waveguide sections, whereas the single-mode limit frequency conditions the maximum working frequency.
C. RECEIVER MODULE
The core of the receiver module is a graphene based highorder subharmonic mixer which downconverts the input RF signal (scattered by the object under test) with frequency f RF located in the 140 − 220 GHz frequency band, by mixing it with a high-order harmonic component of the local oscillator (LO) signal, with frequency f LO in the 26 − 40 GHz frequency band, providing the intermediate frequency (IF) output at frequency f IF = 300 MHz.
A 3D model of the receiver module is represented in Fig. 3 . Its structure is quite similar to that of the transmitter. The main difference is found in the planar circuit, where an output port and a low-pass structure are added to extract the IF signal, and to prevent the leakage of the LO signal and its harmonic components through the IF port [34] , [35] .
In this case, the RF signal, coming from the receiver antenna, propagates along the WR-5 waveguide section and is coupled to the planar circuit through the high frequency transition. On the other hand, the LO signal propagates along one of the WR-28 waveguide sections and is coupled to the planar circuit at the corresponding low frequency transition. The resulting IF signal is guided to the output port, whereas the unused part of the LO signal is coupled to the other WR-28 waveguide section and delivered to a dummy load.
Due to the nonlinear response of the graphene driven by the LO signal, a current composed of harmonic components of this signal and intermodulation products between them and the RF signal is generated at the device. The frequency of the latter components can be expressed as Table 1 shows the LO frequency values required to downconvert to f IF = 300 MHz an input signal in the 140 − 220 GHz frequency range, for different multiplication orders M . Since the conversion efficiency decreases when increasing the multiplication order, M = 6 provides the best possible configuration, as it covers the whole 140 − 220 GHz frequency band, while keeping the LO frequency approximately within the standard WR-28 waveguide operating band.
III. SCANNER IMPLEMENTATION AND CHARACTERIZATION

A. IMPLEMENTATION
The waveguide blocks were implemented through a stereolitography process in which a photopolymer resin is progressively cured, layer by layer, by exposing it to UV radiation. Each block is manufactured as two identical pieces resulting from dividing it along its symmetry plane, that coincides with the E-plane of the waveguide sections. Next, the surface of the resulting pieces was covered with a thin gold layer through a sputtering process.
To implement the planar circuits, a few-layer graphene film was obtained through micromechanical exfoliation of a Highly Oriented Pyrolitic Graphite (HOPG) block. Next, it was transferred onto a polyimide substrate with 50 µm thickness, dielectric constant ε r = 3.5, and loss tangent tan δ = 0.008, evaluated at 300 GHz. After that, the graphene sheet was structured through a laser ablation process to obtain the desired shape.
A picture of the scanner prototype mounted in an anechoic chamber while measuring a ceramic vessel is shown in Fig. 5 (a) , whereas the mixer prototype before assembling the two waveguide block halves is represented in Fig. 5 (b) .
B. OVERALL SYSTEM PERFORMANCE
The performance of the scanner was experimentally evaluated. First, the directional characteristics of the transmitter, without lens, are depicted in Fig. 6 . The measurement was performed by mounting the transmitter module on a rotary platform, and using a VNA equipped with a frequency extender module as power detector. From Fig. 6 , the diagonal horn antenna provides a 10 • −3 dB beamwidth in both main planes, which would generate a circularly shaped spot with radius 5.2 mm at a 50 mm distance, under normal incidence conditions. However, since the transmitter focuses the beam using a spherical lens with 25 mm focal distance, and works with a 25 • incidence angle, the −3 dB focused spot of the overall system is elliptically shaped, with 1.53 mm major axis and 1.25 mm minor axis. These dimensions were determined in a calibration process based on obtaining an electromagnetic image of a planar metallic cross-shaped object and comparing it with the object dimensions.
Next, the dynamic range of the complete scanner was characterized, using a metallic plate as object under test. Initially, with the transmitter switched off, the noise floor of the complete receiver was measured, obtaining a −102 dBm level. Next, with the transmitter switched on, the power received at intermediate frequency, f IF = 300 MHz, was measured. The result is represented in Fig. 7 . The scanner provides a 43 dB maximum dynamic range, evaluated at 180 GHz, which is considered sufficient for the proposed application. Furthermore, the system exhibits a dynamic range greater than 23 dB over a 40 GHz bandwidth, from 160 to 200 GHz. Note that these limits depend on the overlapping responses of the frequency multiplier and the sub-harmonic mixer.
IV. RESULTS
In this section, electromagnetic images of some ancient Roman vessels are presented. The collected data are processed to detect elements inside the vessels and to characterize the wall thickness and the content of sealed vessels.
A. DETECTION OF ENCLOSED OBJECTS
In order to demonstrate the ability of the graphene based imaging system to detect objects, a metallic square helix and a ring were placed inside a ceramic vessel, as shown in Fig. 8 (a) . The electromagnetic field scattered by the vessel containing the metallic objects was measured by moving the scanner head over a cylindrical surface around the vessel. The resulting normalized amplitude is represented in Fig. 9 . The white dots show the position of the square helix corners, whereas the straight and rounded lines indicate the projection of the helix and the ring, respectively. The higher response is obtained at the measurement positions which correspond to the helix corners, the middle points of the helix wire between two adjacent corners, and the ring. This is due to the fact that, at these measurement points, the scanner head is perpendicular to the metallic surfaces. Thus, most of the incident beam is scattered in the receiver direction. As opposite, the scattered signal level measured at the rest of the positions is considerably lower, since the scattered signal is out of the receiver direction, because of the circular movement of the scanner head around the vessel, which causes that at these points, the normal direction to the metallic surface is not aligned with the scanner head direction, as schematized in Fig. 8 (b) . Finally, the high level signal located at the top of the picture could be due to reflections on the vessel edge. In this way, in addition to the ability to detect hidden objects, this measurement demonstrates that the dynamic range of the scanner is high enough for the proposed application.
B. ELECTROMAGNETIC IMAGES
Subsequently, electromagnetic images of the ancient Roman (A. D. 300-400) sealed ceramic vessel represented in Fig. 10(a) were acquired. The results, obtained at 160, 180 and 200 GHz, are shown in Fig. 10(b) , (c), and (d), respectively. To obtain the images, the scanner head was vertically swept along theẑ direction. For each z-position, the ceramic vessel was rotated 360 • . At each measurement point, the autofocus system was used to adjust the focus point to the outer surface of the vessel. Finally, the signal measured at each z-position, as a function of the rotation angle, is normalized with respect to the maximum level obtained at that scanner height. Note that the absolute strength of the scattered field from the curved region of the vessel body is reduced with respect to the level measured at the neck or the bottom part, because the curved surface predominantly reflects the incident wave in directions different from that of the receiver. This effect cannot be observed in the representation of Fig. 10 , since the measured field level is normalized with respect to the maximum obtained at each z-position. The reduction of the received power at these measurement points has negative impact on the scanner performance, since it limits the depth at which the scanner can provide useful information. However, the results obtained when detecting enclosed objects, or analyzing the ceramic walls and the filling material, demonstrates that the described VOLUME 6, 2018 effect does not condition the scanner viability. Furthermore, it could be overcome by mounting the scanner head on a 4-axis positioning system. In that case, the scanner could also be used to reveal vessel engravings hidden under a sediment layer.
On the other hand, to obtain information about the interior of the sealed vessel, the images shown in Fig. 11 were acquired at 160, 180 and 200 GHz. In this case, four fixed angular positions are considered, associated with the front, back, left and right side views of the vessel. To obtain the images, the focus of the scanner is moved from the outer surface towards the inside of the object under test, repeating the procedure for all considered vertical positions. Thus, information on two perpendicular cross-sectional planes which contain the longitudinal axis of the vessel is obtained. The white regions in the images correspond to zones in which no information is available due to the safety margins imposed to avoid the collision between the scanner head and the vessel.
In order to obtain the represented images, for each vertical position the measured scattered signal power is represented versus the estimated focus position, which is calculated as the horizontal displacement of the scanner head with respect a zero-position. The scanner head zero-position corresponds with the point for which the transmitted beam is focused just over the vessel surface. As long as the scanner head approaches to the vessel, the focus point penetrates inside the ceramic wall and it cannot be accurately obtained as the head displacement, due to the fact that the signal is propagating not only on air, but also in a medium with an a priori unknown dielectric permittivity. In this way, this analysis provides qualitative information about the geometry of the object under test, but it has to be used in combination with the frequency response processing to obtain accurate results.
Starting with the analysis of the vessel wall from measurement data represented in Fig. 11 , the variation of the reflectivity along its depth indicates that it is not uniform. This can be due to the fact that, during the ceramic curing process, the outer side is more exposed to heat than the inner surface. Another possible cause is that the internal surface is partially coated with the residue of substances that the vessel may have contained at some point. There are also certain wall zones in which a considerable reduction of the scattered field level is observed, which could be related to the presence of air bubbles.
Regarding the filling material, the uniformity of the scattered field strength when the focus is completely inside the vessel is compatible with the presence of an homogeneous material with low reflectivity. Furthermore, the homogeneity of the material increases at the vessel bottom, indicating that the material is more uniform in this region. Finally, since no strong variation in the response is observed, it is expected that the vessel does not contain any object.
C. ANALYSIS OF THE CONTENT OF SEALED VESSELS
The thickness and the relative dielectric permittivity of the ceramic wall, as well as the permittivity of the vessel filling material, can be estimated from the measured frequency response of the scattered field in the 160−200 GHz frequency range. To do that, it is compared and matched to the theoretical frequency response of a multilayer structure, under oblique incidence, obtained using the Fresnel quasi-optical approach.
Let us consider a plane wave propagating on air which illuminates a three layer dielectric structure under a θ 0 angle, as represented in Fig. 12 . The thickness and the refractive index of each layer are represented by d i and n i , respectively, with i ∈ [0, 3]. The medium from which the plane wave illuminates the structure is denoted as i = 0 layer, and the i = 3 layer is considered infinite. The reflection ρ i,i+1 and the transmission τ i,i+1 coefficients, evaluated at the interface between two layers, when the wave propagates from layer i to layer i + 1, can be calculated as:
where the propagation angle in the i + 1 layer, θ i+1 , is related to that on i layer through the Snell's law:
with θ 0 = 25 • , because of the particular configuration of the scanner head. In addition, the phase variation φ i due to the propagation through the i layer is given by: where c represents the speed of light in vacuum, and f is the working frequency. Therefore, the total scattered field E r can be expressed as:
with E o the amplitude of the incident wave, and the contributions E r,k indicated in Fig. 12 , with k = 1, · · · , 8, calculated from the reflection, transmission, and phase coefficients expressed in (2), (3), and (5), respectively. Note that contributions to the scattered field that are out of the receiver spot can be neglected in (6) . Finally, to estimate the thickness d i and the relative dielectric permittivity ε r,i = n 2 i of each layer, the measured frequency response is compared with (6) to obtain an error function which is minimized in a Newton gradient based optimization process, being the optimization variables d i and ε r,i .
For a fixed rotation angle, coincident with the front view, the scanner head is moved to four different height positions, indicated in Fig. 11 (a) , two of them on the neck and the other two on the vessel body, and the focus is adjusted to be on the outer surface of the vessel. Taking into account the information about the wall obtained from the electromagnetic images shown in Fig. 11 , the problem was modeled with three layers, two of them for the wall, and the innermost for the filling. The obtained results are displayed in Table 2 , whereas the comparison between the measured frequency response and that of the optimized model is represented in Fig. 13 . First, the thickness of the wall at the measurement points can be calculated from the obtained data. Next, the small variation of the dielectric constant of the third layer is coherent with the assumption that the filling material is VOLUME 6, 2018 relatively homogeneous. Finally, the reduction of the dielectric pertimittivity observed at the measurement point 3, could be associated to a local reduction of the material density, possibly caused by an air bubble.
Finally, it should be remarked that the opposite ceramic wall is not taken into account in the model, due to the following reasons. On the one hand, contributions to the scattered field coming from a point away from the outer surface cannot be detected, since they are out of the receiver spot. On the other hand, due to the limited available power at the transmitter and the effect of successively multiplication of low reflection coefficients, its influence on the measured frequency response is negligible.
V. CONCLUSION
An electromagnetic imaging system working in the low THz frequency band for the nondestructive analysis of artwork has been presented. Signal generation and detection are accomplished by exploiting the strong nonlinear behavior of fewlayer graphene sheets under electromagnetic excitation. The data provided by the scanner has been processed to analyze ancient ceramic vessels, showing its ability to detect enclosed objects, to estimate geometrical parameters such as the thickness of the ceramic walls, and to provide information about the filling material in sealed vessels. Finally, the performance of the scanner demonstrates that graphene based circuitry represents a viable cost-effective alternative to traditional semiconductor based technology to develop systems and applications operating in the submillimeter wave and low THz frequency bands.
